INTRODUCTION
The nonhomologous end joining (NHEJ) pathway of DNA double-strand break (DSB) repair possesses a remarkable ability to join DNA ends of diverse geometry, sequence and chemical structure (1) (2) (3) . This versatility is attributable at least in part to a high tolerance of the gapfilling DNA polymerases l and m (4-6), as well as the XRCC4/DNA ligase IV (X4L4) complex (7) , for substrates with missing, damaged or mismatched DNA bases. This tolerance is further enhanced by the presence of the accessory factor XLF/Cernunnos (8, 9) . Many free radical-mediated DSBs bear the 2-carbon sugar fragment phosphoglycolate (PO 4 -CH 2 -COOH, hereafter PG) at the 39 end (10, 11) , which must be removed prior to patching or ligation of that strand of the DSB. In cell extracts, 39-PG processing, primarily by tyrosyl-DNA phosphodiesterase, is slow and incomplete (2, (12) (13) (14) , suggesting that PG removal could be a rate-limiting step in repair. Because many free radical-mediated DSBs will likely have a PG at only one 39 terminus, it is possible that the opposite strand could be rejoined first and the 39-PG removed later, perhaps by single-strand break repair pathways. As described below, experiments examining repair of such substrates in HeLa cell nuclear extracts confirm that one strand of a DSB can be patched and rejoined without prior processing of a closely opposed 39-PG-terminated strand break.
MATERIALS AND METHODS

Materials
To create the model DSB substrate (Fig. 1) , one 39-PG and one 39-hydroxyl oligomer were ligated into 59 overhangs of the vector pRZ56, as described previously (2, 15) . DNA polymerase l (poll) was a gift of Kasia Bebenek and Tom Kunkel (NIEHS). Human recombinant TDP1 with a 63histidine tag was overexpressed in E. coli and purified by nickel affinity and anion exchange (MonoQ) chromatography, as described previously (16) . All other enzymes were from New England Biolabs and were used in the buffers provided.
End-Joining Reactions
Reactions contained HeLa cell nuclear extract (27 mg protein, Promega in vitro transcription grade), 0.1 mg of X4L4 (Trevigen), 50 mM triethanolammonium acetate, 10 mM Tris HCl, pH 7.9, 1 mM Mg(OAc) 2 , 40 mM KOAc, 0.5 mM dithiothreitol, 1 mM ATP, 50 mM of each dNTP or dideoxynucleoside 59-triphosphate (ddNTP), 50 mg/ml BSA, and 20 ng DNA substrate in a total volume of 16 ml. Some reactions also contained 0.12 mg poll, as indicated. After substrate addition, samples were incubated at 37uC, usually for 6 h. The DNA was then deproteinized by treatment with proteinase K followed by phenol and chloroform extractions (2) and digested with DpnI and MnlI.
Repair Product Analysis
After deproteinization and restriction cleavage, samples were run on a 12% nondenaturing polyacrylamide (30:1) gel for 28 h at 8 V/cm.
Images were developed on a phosphorimage screen for 16 h at 8uC. For isolation of individual bands, gels were exposed to X-ray film for 24 h at 8uC and bands were excised, eluted in 2 ml 1 mM EDTA, pH 8, evaporated to 0.4 ml and ethanol-precipitated in the presence of 1 mg/ ml tRNA. Samples were redissolved in 40 ml of 20 mM Tris, pH 7.6, 1 mM dithiothreitol, 0.1 mM EDTA and 50 mg/ml BSA. Half the sample was treated with 4 mg/ml human recombinant TDP1 for 1 h at 37uC, and TDP1 was inactivated by heating at 90uC for 5 min. Aliquots (10 ml) were then treated (or not) with 1 U calf intestinal phosphatase (CIP) in the buffer provided by the vendor (New England Biolabs) for 1 h at 37uC. Samples were denatured and analyzed on sequencing gels.
RESULTS
Rejoining of a DSB Bearing 39-PG and 39-Hydroxyl Termini Yields Two Major Repair Products
Repair of a free radical-mediated DSB in cell extracts requires several steps, including resolution of damaged termini, replacement of fragmented bases, and ligation. However, it may not be essential that removal of damaged termini and replacement of missing bases be completed in both strands before one of the strands is religated. To assess this possibility, a model DSB substrate was constructed that had a 3-base -ACG overhang at each end but with a 39-PG terminus at one end and a 39-hydroxyl terminus at the other (Fig. 1) . To follow the progress of repair, the substrate was internally labeled 14 bases from the 39-PG terminus.
After incubation in X4L4-supplemented HeLa cell nuclear extracts (17) , the DNA was cut with DpnI and MnlI to release short fragments from each end of the substrate. From the initial unprocessed substrate, a labeled 19-mer/17-mer duplex is released. Complete, accurate repair by PG removal, alignment-based gap filling and ligation of both strands, would yield a labeled 52-mer/53-mer duplex ( Fig. 1) , and indeed one of the major extract-dependent products (product 1) comigrated with a synthetic duplex having the predicted length and sequence ( Fig. 2A) .
A second labeled product (product 2) was also detected that migrated more slowly than the 52-mer/ 53-mer duplex ( Fig. 2A) . The formation of product 2, but not product 1, was stimulated by supplementation with exogenous poll (Fig. 2B ), which we previously showed was the primary gap filling polymerase in these extracts (18) . Formation of both products was completely blocked by substitution of dTTP with ddTTP, indicating that gap filling was required in both cases ( Fig. 2A , lane 4). Moreover, both products were almost completely dependent on addition of X4L4 ( Fig. 2C) , which is required for gap filling as well as ligation but is not present in sufficient quantity to support end joining in unsupplemented HeLa cell nuclear extracts (17) . Thus product 2 could be a nicked fragment resulting from gap filling and rejoining of the DSB in one strand only (see Fig. 1 ). Indeed, product 2 approximately comigrated with a nicked duplex that had the same structure as the predicted singly ligated end-joining product, except that it bore a 39-phosphate rather than 39-PG at the 39 end of the nick. Unexpectedly, the nicked marker consistently gave a more diffuse band than either the intact duplex or any of the putative repair products. Nevertheless, the results show that under these electrophoresis conditions, a singlestrand nick reduces the mobility of a DNA duplex, consistent with the proposal that product 2 represents a nicked duplex. Whereas product 1 accumulated gradually over the course of several hours, formation of product 2 was largely complete within 30 min (Fig. 2D) . However, these data do not exclude the possibility that product 2 continued to form at later times but that its formation was balanced by slow, partial conversion to product 1 (i.e., conversion of the putative nicked product to a fully repaired duplex). A third, very minor band of intermediate mobility (''m'' in Fig. 2A ) was also present.
In an attempt to assess the dependence of the two repair products on PG removal by TDP1, a similar experiment was performed with extracts from TDP1-mutant SCAN1 cells. While a trace of product 1 was detected in SCAN1 extracts supplemented with X4L4, TDP1 and poll, no product 2 was detected under any condition, and there appeared to be extensive degradation of the substrate, as indicated by loss of most of the radiolabel (Supplementary Fig. 1 ).
A Nicked Repair Product Retains a 39-PG
To examine the repair products in more detail, each product was excised from the nondenaturing gel, eluted,
An internally labeled ( * ) plasmid substrate bearing one hydroxyl-terminated and one PG-terminated ($) 39 overhang was prepared. Complete repair of both strands (DS) by PG removal, end alignment/annealing, patching (bolded T) and ligation results in an intact duplex that can be released as a labeled 52-mer/53-mer by cleavage with MnlI and DpnI. Repair in the hydroxylterminated strand only (SS) followed by MnlI/DpnI cleavage would yield a nicked duplex retaining a PG-terminated 19-mer.
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dephosphorylated (or not), and then rerun on a denaturing gel. The putative fully repaired product 1 migrated as a single band at a position consistent with its predicted length (Fig. 3A) . Label from the putative nicked repair product 2 migrated at precisely the same position as a 59-phosphate 39-PG 19-mer generated by MnlI cleavage of the untreated starting substrate. Furthermore, removal of the 59-phosphate by CIP treatment produced the same small decrease in mobility for both the repair product and the marker. Finally, conversion of the 39-PG to a 39-phosphate by treatment with TDP1 likewise produced identical mobility shifts in the two species, while treatment with both TDP1 and CIP produced a larger decrease in mobility, yielding a product with the mobility of a 39-hydroxyl, 59-hydroxyl 19-mer (Fig. 3B) . These results strongly suggest that an unprocessed 39-PG 19-mer is still present in repair product 2. Thus the presence of a persistent, closely opposed 1-base gap with a 39-PG terminus in one strand did not prevent gap filling and ligation of the other strand. 
ZHOU, AKOPIANTS AND POVIRK
Denaturing electrophoresis of the intermediate-mobility product (band ''m'') indicated that it was contaminated with small amounts of products 1 and 2 (due to incomplete resolution on the nondenaturing gel). However, it also contained a unique product whose mobility was consistent with a 59-phosphate 39-hydroxyl 19-mer. This result suggests that, throughout the incubation period, small amounts of a repair intermediate were present in which PG was removed from one strand and the opposite strand was patched and ligated, although the order of these events could not be distinguished. When the end-joining products were deproteinized and incubated in fresh extract, there was an X4L4-independent increase in band m, at the expense of band 2, indicating that PG removal can indeed occur after gap filling and ligation of the opposite strand ( Supplementary Fig. 2 ).
DISCUSSION
No enzyme specific for the resolution of 39-PG termini has yet been identified, but several enzymes with diverse canonical substrates can act on 39-PGs. At single-strand breaks, the abasic endonuclease APE1 appears to be the primary PG-processing enzyme (19) , directly yielding the 39-hydroxyl terminus required for gap filling and ligation. Although APE1 is capable of removing 39-PGs from blunt and 39-recessed DSBs, the efficiency of this reaction is very low, about 20 times lower than for a single-strand break and 1000 times lower than the Fig. 2A ) was also isolated. Markers with known termini (lanes 8-11) were generated by treating the initial MnlI-cut substrate (see Fig. 1 ) with TDP1 and/or CIP. Panel B: Repair product 2, or the MnlI-cut substrate, was treated with TDP1 and/or CIP as indicated. Higher-mobility minor bands in samples treated with both enzymes presumably reflect a trace of exonuclease in the CIP incubation, resulting in partial conversion of the 39-hydroxyl 59-hydroxyl 19-mer to shorter products.
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efficiency of abasic site cleavage (20) . Moreover, APE1 has no activity toward PGs on 39 overhangs (20) , and there is no evidence that it interacts with or is recruited or stimulated by the core NHEJ proteins.
TDP1 can also act on 39-PG termini of DSBs, whether overhanging, blunt or recessed, converting them to 39-phosphates that can then be removed by polynucleotide kinase/phosphatase (13, 14) . Again, however, TDP1 is ,100-fold less efficient in processing PG ends than its canonical 39-pTyr substrate, and there is no evidence of its being recruited by other NHEJ proteins (14) . Alternatively, 39-PG DSB ends can be trimmed by Artemis in a DNA-PK-dependent manner, with the PG being released as a mono-, di-or oligonucleotide, depending on the geometry of the end (21) . In vitro, this reaction is very efficient for long 39-overhangs (22), but for short overhangs and blunt ends, it is very slow, with about half of the ends remaining unprocessed even after several hours (21) . Thus, while at least three enzymes are available for resolving 39-PG DSB ends, in vitro data suggest that none of them work very efficiently on these lesions.
For DSBs bearing a 39-PG at only one end of the break, an additional possibility is that the 39-PG could remain unprocessed even as rejoining is completed in the opposite strand. After dissociation of end-joining proteins, the 39-PG strand could then be repaired as a single-strand break, with the PG being removed by APE1 (19) . The results presented here indicate that the end-joining machinery can complete the repair of one strand, including gap filling, despite an unprocessed PGterminated break and 1-base gap only 3 bases away in the opposite strand. The formation of resulting the 39-PG nicked product was stimulated by addition of exogenous poll (Fig. 2B) , suggesting that the PGcontaining annealed structure (see Fig. 1 ) may be a less favorable substrate than the same substrate with two 39-hydroxyl termini. Attempts to directly demonstrate progression of the nicked product 2 to the fully repaired product 1 by examining the kinetics of repair were inconclusive. Although product 1 accumulated more slowly than product 2, the absolute amount of product 2 did not decrease with time. Furthermore, the finding that addition of poll increased the formation of product 2 without increasing the yield of product 1 ( Fig. 2A and 2B) suggests that there was relatively little conversion of product 2 to product 1 over the course of the reaction. Previous work showed that a fraction of 39-PG DSB termini are removed very rapidly, and it appears more likely that product 1 arises primarily from this fraction of the breaks. As in most other end-joining studies (17, 23) , the assays in Fig. 2 were performed in the presence of low Mg zz (1 mM), which is adequate for DNA ligase IV but not other ligases (24) . When the reaction products were deproteinized and incubated in fresh extract with 10 mM Mg zz , there was still little if any conversion of product 2 to product 1, but there was a significant (two-to threefold) increase in the intermediate band m, indicating further PG removal from the singly ligated product in fresh extract ( Supplmentary Fig. 2) .
While there is no doubt that free radicals produce PG ends, the exact fraction of DSBs that bear PG ends is difficult to determine and may be different for isolated DNA than for DNA in intact cells. In the specific case of ionizing radiation, early biochemical studies suggested that approximately half of all strand breaks had 39-PG termini (11) , while a more recent measurement by mass spectrometry suggested approximately 10% (25) . Even if this lower estimate is correct, it predicts that while only ,1% of DSBs will have a PG terminus at both ends, ,18% will have a PG at one end. Thus failure to resolve such ends would result in large numbers of unrepaired DSBs and a significant decrease in radiation survival. However, if the breaks with only one PG terminus can be repaired by the mechanism described above ( Fig. 1) , then only the ,1% of breaks with PG at both ends would strictly require PG removal prior to rejoining. Thus this mechanism provides a potential explanation for the lack of a significant DSB repair defect in irradiated TDP1-mutant SCAN cells (26) or Tdp1 2/2 mouse fibroblasts (27) , even though experiments in cell extracts suggest that lack of TDP1 confers a severe deficiency in 39-PG processing at DSBs ends (12, 16) . Supplementary Fig. 1 . End joining of the 39-PG 39-hydroxyl substrate in SCAN1 extracts. The substrate was incubated in X4L4-supplemented HeLa or SCAN1 lymphoblasts (patient no. 1635) for 6 h, cut with MnlI and DpnI, and analyzed on a denaturing gel. TDP1 and/ or poll were added to the SCAN1 extract as indicated. There is a faint product 1 band in the sample with SCAN1 extract, TDP1 and poll, representing ,1% of the total label in the lane. However, overall recovery of label was ,53 lower in the SCAN1 samples than in the HeLa samples, suggesting significant substrate degradation in the SCAN1 extracts. Supplementary Fig. 2 . PG removal from the singly ligated substrate. The original 39-PG 39-hydrozyl substrate was incubated in HeLa nuclear extract supplemented with X4L4 and poll, then deproteinized and incubated in fresh extract (or heatdenatured extract in the leftmost lane) supplemented with 10 mM Mg(OA) 2 
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